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ABSTRACT: In this work, we describe a new class of non-fused 3D asymmetric
compounds (named 1, 2, 3, and 4) as low-cost organic hole-transporting materials
(HTMs) for perovskite solar cells (PSCs). The fundamental understanding of the
influence of the methylthio and methoxy group substitutions on the fluorene moiety has
been analyzed, as well as the position of methoxy groups in the aromatic rings of
triphenylamine pending groups (para or meta). Experimental results demonstrate that the
position of the methoxy group in the triphenylamine pending group influences decisively
the thermal properties and the amplitude of the electronic bandgap, hydrophobicity, film
formation, and thermal stress stability. The presence of methylthio or methoxyl
substituents in the 2,7-positions of the fluorene moiety mainly affects the electrochemical
properties, hole mobility, and morphology of the hole-transporting layer (HTL). Thus,
maxima sunlight-to-electricity power conversion efficiencies (PCEs) of 17.7 and 17.8%
have been obtained in PSCs with methoxy groups in the fluorene moieties (1 and 3),
respectively. Consequently, compound 1-based PSCs exhibit a better stability than the
other three materials and the standard HTM-spiro-OMeTAD-based devices.
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■ HIGHLIGHT

• Four cost-effective, feasibly synthesized, and asymmetric
hole-transporting materials are designed and applied for
PSCs.

• The influence of the sulfur and oxygen group
substitutions on the twisted structural of HTMs on
photophysical and electrochemical properties has been
thoroughly scrutinized.

• An efficient hole-transporting material 1 shows a
remarkable photovoltaic performance, stability, and
hydrophobicity, which demonstrate the proficiency of
1 as a favorable candidate to replace prototype spiro-
OMeTAD.

■ INTRODUCTION
Perovskite solar cells (PSCs) have stirred up a large volume of
research over the past few years due to their outstanding
photovoltaic performance and potential for commercializa-
tion.1,2 Nevertheless, some of the obstacles that must still be
overcome in order to reach the marketing of these devices are
long-term stability and the cost of materials. For this purpose,
most studies are invested in optimizing the compositional

engineering of the perovskite layer,3−6 developing different
device architectures7−10 and various deposition techniques,
and designing new practical hole-transporting materials
(HTMs) and electron-transporting materials (ETMs).11−13

Thus far, a wide range of HTMs based on small organic
molecules has been explored on PSCs with different core
structures such as carbazole,14−16 perylene,17,18 thiophene,19

spiro,15,20−22 helicene,23 phenoxazine,24,25 and triphenyl-
amine.26−28 Among them, 2,2′,7,7′-tetrakis(N,N-di-p-methox-
yphenylamine)-9,9′-spirobifluorene (spiro-OMeTAD) is con-
tinuously used as a popular reference HTM to tune the device
operational condition. Although it is a material that provides
good efficiency, it suffers from severe problems including
complicated and expensive synthesis, lack of stability, and
hydrophilicity, as well as being prone to a phase transition from
the amorphous to the crystalline state.29 All of these have
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incited scientists to devote substantial efforts toward the
development of alternative HTMs without the aforementioned
problems and with the additional advantage of producibility at
low costs in the industrial scale. Toward this goal, an enormous
number of HTMs based on different structural aspects such as
a planar,30−32 star-shaped,33 linear D-A, or discotic D-A-D34

have been reported. Although several attempts have been made
to introduce new HTMs for PSCs, most often with a
remarkable efficiency, there is no clear relationship between
the chemical structure of the HTM molecule and the charge
transport efficiency. Therefore, it is still critical to design new
molecular structures adapted to the needs of the perovskite
solar cell field. Very recently, we introduced species with the
carbazole 3D structure as a new alternative to obtain an in-
depth understanding of the impact of intramolecular π-
conjugation on device efficiency.35 Notably, we thoroughly
described the influence of carbazole on the photovoltaic
parameters even though the respective sunlight-to-electricity
power conversion efficiency (PCE) is slightly lower than in the

case of spiro-OMeTAD. Inspired by this approach, we
designed and synthesized four new 3D aminofluorene-based
structures containing 4- and/or 3-methoxyphenyle and/or 4-
methylthiophenyle groups in the amine nitrogen based on
enhanced structural tenacity (1, 2, 3, and 4). These derivatives
have been synthesized from cheap and abundant reagents, such
as aniline, dibromofluorene, and iodoanisole. In addition, to
avoid the disadvantages of spiro-OMeTAD in terms of its high
symmetry, the new materials that are introduced here have a
spirofluorene structure, in which a carbon−carbon bond has
been broken to give the structure greater conformational
freedom and, therefore, less degree of symmetry. The main
objective of this work is to know how the presence of methoxy
and/or methylthio groups and their position in the ring affect
the optoelectronic properties of these derivatives, as well as the
properties as HTMs of these new materials.

Figure 1. (a) Molecular structures of HTMs 1, 2, 3, and 4. (b) Normalized UV−Visible absorption and photoluminescence of 1, 2, 3, 4, and spiro-
OMeTAD in DCM (10−5 M). (c) Cyclic voltammograms of HTMs 1, 2, 3, 4, and spiro-OMeTAD (in DCM, 10−4 M).

Table 1. Electrochemical, Optical, and Thermal Parameters and Hole Mobilities of Different HTMs

HTM λabs (nm) Eopt.gap (eV)
b Eox1 (eV) HOMO (eV)a LUMO (eV) Tg (°C)

c μh (cm
2V−1 s−1)d

spiro-OMeTAD 303,386 3.00 0.64 −5.16 −2.16 125 9.10 × 10−5

1 318,392 3.05 0.63 −5.14 −2.09 137 1.46 × 10−5

2 312,392 3.00 0.74 −5.26 −2.26 137 2.76 × 10−6

3 300,365 3.11 0.64 −5.16 −2.05 107 1.50 × 10−5

4 320,395 3.25 0.78 −5.29 −2.04 107 1.13 × 10−6

aLUMO−HOMO band gap of the hole conductor determined from the intersection of the normalized emission and absorption spectra.
bDetermined by solution-based cyclic voltammetry (CV), 0.1 M n-tetrabutylammoniun hexafluorophosphate (TBAPF6) as an electrolyte in
dichloromethane solution; the reference electrode, in all cases, is aqueous Ag/AgCl (3 M KCl), separated from the working electrode compartment
by a salt bridge containing the same electrolyte as the working electrode compartment. The working electrode was a glassy carbon disk (diameter: 3
mm); a platinum wire was used as the counter electrode, dipped in the same electrolyte as the working electrode. The cyclovoltammetric scan rate
was 50 mV/s. All redox potentials were calibrated vs vacuum by the addition of ferrocene, with a conversion factor of E(Fc/Fc

+
) = 624 mV vs SHE.45

cGlass transition temperature measured by differential scanning calorimetry (DSC). dHole mobility determined by the space-charge limiting
current technique.
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■ RESULTS AND DISCUSSION

Synthesis. The synthesis of the four new derivatives
involved three steps (Scheme S1 and Figure 1a). The first
reaction was the Buchwald−Hartwig coupling of aniline with
iodoanisole to get methoxytriphenylamine units, which are
covalently linked to the dibromofluorene core by a
condensation reaction with ketone under acidic conditions.
Finally, the four derivatives were obtained after a last
Buchwald−Hartwig reaction with high yields (76, 85, 82,
and 78% for 3, 4, 2, and 1, respectively). It should be noted
that only in the second step, the intermediate was purified by
column chromatography. In the other two steps, purification
was carried out by crystallization, which reduced the cost of the
target HTMs. Additionally, not any limiting condition was
applied, such as the toxic reagent, Grignard reaction, and other
reactions involving corrosive reagents that are used for spiro-
OMeTAD synthesis. Cost analysis for the preparation of new
HTMs 1, 2, and 3 demonstrates a subnational improvement in
price 16.36, 19.41, and 23.85 $/g, respectively, which are
nearly 25 times lower than that of the synthesis of spiro-
OMeTAD (around 471.09 $/g).36 The detailed material
quantities are summarized in Tables S3−S10. All these
compounds showed good solubility in all of the common
organic solvents, which are fundamentally critical for the
solution-based process technique HTM deposition on PSCs.
Complete structural characterization including 1H NMR, 13C
NMR, UV−Vis, HRMS, DSC, and TGA of the compounds
was fulfilled (see the Supporting Information).
Thermal Properties. The thermal behaviors of new HTMs

were measured by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) with detailed information
that is summarized in Table 1. All new materials demonstrated
a decomposition temperature (Td) over 370 °C (Figures S15−
S18), indicating that they are suitable materials for application
in photovoltaic technologies. A notable change in the glass
transition feature happens as a result of the oxygen location in
the aromatic rings of triphenylamine pending groups, which is
directly connected to the fluorene core structure. Both 3 and 4
show similar Tg at 107 °C, while 1 and 2 display at 137 °C that
is near to spiro-OMeTAD (125 °C).37 The lower Tg of 3 and 4
might be attributed to more disordered molecular packing
because of the meta substitution and less intermolecular
interaction that consecutively leads to a lower compact film
formation.16 Thus, no difference was found in terms of thermal
properties between the alkylthio-substituted fluorene and
dialkoxy-fluorene moiety. This analysis reveals that the
molecular structure has a crucial influence on the morpho-
logical stability of the amorphous films and simultaneously on
the control of the tendency to crystallize upon heating.
DFT Calculations. In order to obtain more facts about the

molecular geometry and electronic properties of new HTMs,
quantum chemical calculations have been accomplished based
on the B3LYP/6-31G** level (see the SI for computational
details). The highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) levels of
calculation are summarized in Table S1 and consistent with
experimental measurement. As indicated in Table S1, both
compounds 1 and 3 have the lowest reorganization energy that
coincides with the higher hole mobility of these HTMs
compared with HTMs 2 and 4 (Table 1). As the experimental
results show, the spiro-OMeTAD molecule shows better hole-
transporting properties than the new HTMs. DFT reveals that

the spiro-OMeTAD has better and well-balanced charge-
transfer properties as demonstrated by its λ and t values. In
fact, the spiro-OMeTAD molecule exhibits relatively larger
transfer integrals and smaller reorganization energies, resulting
in larger charge transfer rates. For the sake of comparison, the
experimental values for the hole mobilities are also included in
Table S2. We also consider the face-to-face π-stacking
geometry to approximately evaluate the carrier mobilities.
Interestingly, the dimer spiro-OMeTAD molecule, with low
reorganization energy and high transfer integral, represents the
highest hole mobility. To obtain further insights into the
electronic structures of the considered dimers, the HOMO and
LUMO energy levels are depicted in Figure S2. For the two
HTM 1 and 3 dimers, the distributions of HOMOs and
LUMOs are almost similar to those observed for the single
molecules. However, for the dimer spiro-OMeTAD, the
HOMO and LUMO shapes indicate a diffused charge
distribution. The delocalization of the HOMO and LUMO
throughout the whole conjugated system suppresses carrier
recombination, which facilitates the charge movement. Thus,
the enhancement of transfer integrals in the spiro-OMeTAD
molecule is mainly due to the increased effective orbital
overlaps in this system, as shown in Figure S2.

Photophysical and Electrochemical Measurements.
The absorption and emission spectra of the new HTMs and
spiro-OMeTAD are depicted in Figure 1b and listed in Table
1. There is no vital difference observed in the absorption of the
materials in dichloromethane solution. Two maximum
absorptions (λmax) are located at 306−320 and 390−395 nm
with a shoulder band toward a higher wavelength, around 420
nm. The bathochromic shift of 1 might be ascribed to the
presence of para electron-donating methoxy groups with the
same p-orbital nature with the carbon atoms of the phenyl
moiety that in turn caused sturdy delocalized intramolecular π-
conjugation. The maximum fluorescence emission peaks (λem)
of 1, 2, 3, 4, and spiro-OMeTAD are centered at 443, 414, 423,
414, and 446 nm respectively, which means that 1 shows the
largest Stokes shifts with 53 nm. A more significant Stoke shift
indicates that the HTM can tolerate more geometrical changes
during excitation.38 The UV−Vis spectra of the new solid-state
materials were also measured (Figure S19). Derivatives 1 and 3
show the absorption maxima hypsochromically shifted with
respect to derivatives 2 and 4 (310 and 394 nm for the first
two, and 319 and 398 nm for the last, respectively). Each
HTM, in its pristine form, exhibits absorption peaks in the UV
and short wavelength visible range (<420 nm), which means
that few incident photons can be absorbed by HTMs in this
range, so they will not produce parasitic absorption to the
detriment of the performance of the photovoltaic device. After
chemical oxidation with a p-type oxidant during device
operation, the oxidized HTM species show more extensively
at the visible region.39 The optical band gap is estimated from
the intersection of normalized emission and absorption
spectra, with related data collected in Table 1.
In order to estimate the energy levels of the new HTMs,

cyclic voltammetry (CV) measurement has been performed in
a dichloromethane (DCM) solution containing n-tetrabuty-
lammonium hexafluorophosphate (TBAPF6) as a supporting
electrolyte and ferrocene as an internal standard under the
same conditions, with the three-electrode system. HTMs
containing methylthio groups display a much deeper oxidation
potential compared to HTMs involving only methoxy groups.
The corresponding data are collected in Table 1. A remarkable
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change (Figure 1c), by more than 100 meV in the
electrochemical properties, occurs as a result of the
substitution of sulfur at the bis(4-methylthiophenyl)amine in
the fluorene and the methoxy meta substitution at the
triphenylamine pending groups. Therefore, 4 shows the first
oxidation potential (Eox1) approximately at 0.78 eV, and the
lowest Eox1 is related to 1 at 0.63 eV. Due to the HOMO
energy levels of 2 and 4, a higher open-circuit photovoltage
(Voc) than 1 is expected, even though Voc is also influenced by
surface recombination at the perovskite-HTM interface.40−42 2
and 4 show more negative HOMO levels than spiro-OMeTAD
(−5.16 eV), while 1 and 3 present HOMOs close to that of the
reference material (5.14 and −5.16 eV, respectively). The first
overlapped oxidation peaks, which determine the HOMO, can
be related to the oxidation reactions of bis(4-substituted
phenyl)amine groups that directly connect to the fluorene core
while the higher oxidation should be attributed to triphenyl-
amine pending groups. According to the Hammett equation,43

the second oxidation peaks of 3 and 4 are shifted to the
positive direction owing to the position change from the para
(resonance) to meta (inductive) position. The first oxidation
potential of 1 shows a cathodic shift, especially compared to 2
and 4, which indicates a strong electron donor character and
leads to a higher HOMO energy level of −5.14 eV.44 If we
compare the structurally analogous materials 1, 2, 3, and 4, a
larger band gap is observed for those with the methoxyl
substituent groups in meta in the triphenylamine pending
group.
To investigate the hole mobility of the different HTMs

doped with lithium bis(trifluoromethanesulfonyl)imide (Li-

TFSI) and tert-butylpyridine (tBP), the space-charge limited
current (SCLC) was applied with a solution-processed thin
film (Figure S20). The results are listed in Table 1. The hole
mobility is lower in the films of the materials that present
methylthio groups; this fact can be related to a thin layer
morphology that favors less the charge mobility. In addition, all
new materials have lower hole mobilities than the reference
material. As reported previously, there is a trade-off between
charge mobility and crystallization propensity. In fact, the new
HTMs have a lower symmetry than spiro-OMeTAD, causing
them to have a lesser tendency to crystallize that, in turn, could
lead to low charge mobility.46

To gain a qualitative understanding of charge extraction,
steady-state photoluminescence (ssPL) and time-resolved
photoluminescence were performed. Luminescence occurs
when an electron and hole recombine; thus, when comparing
HTMs, a lower luminescence signal or faster decay time
implies that more non-radiative recombination (NRR) is
taking place. There are two mechanisms that may contribute to
this: an increased number of interface defects, or a more
effective hole extraction. While both mechanisms will quench
the ssPL and time-resolved photoluminescence (TRPL)
signals, an increase in defects will reduce the current under a
given condition, while increased hole extraction will increase it.
In Figure 2a,b, the normalized steady-state ssPL spectra of

the pristine perovskite film and the modified perovskite films
with the doped HTMs under study are shown, with no
significant change in spectral shape, indicating that the
perovskite is not changed by the presence of the different
HTMs, which is expected because HTMs barely absorb at

Figure 2. (a) Normalized steady-state PL curves of the pristine perovskite film, the perovskite/spiro-OMeTAD film with Li-TFSI and tBP, the
perovskite/1 film with Li-TFSI and tBP, and the perovskite/2 film with Li-TFSI and tBP on a glass substrate. (b) Normalized steady-state PL
curves of the pristine perovskite film, the perovskite/spiro-OMeTAD film with Li-TFSI and tBP, the perovskite/3 film with Li-TFSI and tBP, and
the perovskite/4 film with Li-TFSI and tBP on a glass substrate. (c) Integrated PL spectra normalized to pristine perovskite. (d) TRPL spectra of
the pristine perovskite film and perovskite/HTM films; excitation with 554 nm light was from the film side.
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visible wavelengths. This is further confirmed as there is
significant correlation between the center peak, full width at
half maximum, and integrated spectrum, as shown in Table
S11. Figure 2c shows the integrated ssPL spectra normalized to
devices with pristine perovskite. Here, the different quenching
effects of the HTMs on the photoluminescence are clearly

seen. Compared to control devices, those with 2, 3, and 4 as
HTMs luminesce more, indicating a less NRR. HTM 1, on the
other hand, shows an increased quenching, indicating an
increased NRR as well. These results are further confirmed by
the TRPL decays, in which 4 has the longest decay,
corresponding to the one with the highest integrated ssPL.

Figure 3. (a) Pb 4f signal from the spiro-OMeTAD-, 1-, 2-, 3-, and 4-coated perovskite samples compared to pristine samples. (b) O 1s signals
from the spiro-OMeTAD-, 1-, and 3-coated perovskite samples compared to pristine samples.

Figure 4. (a) Energy level diagram for the device layers. (b) Cross-section SEM image of devices for HTM 1 with Li-TFSI and tBP dopants. (c)
Current density (J)−voltage (V) curve and (d) incident photon-to-current efficiency (IPCE) spectrum of the device with 1 employing Li-TFSI,
tBP, and FK209 as additives. Stability performance of perovskite solar cell devices with different HTMs under (e) shelf conditions after 600 h and
(f) thermal stress of 50 °C and relative humidity (R.H.) > 60% under darkness.
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HTMs 1, 2, 3, and spiro-OMeTAD have similar curves, also
corresponding to their integrated ssPL values (Figure 2d). So,
compared to the isolated perovskite film, all of those with an
HTM show significant quenching, pointing to effective charge
extraction.
X-ray photoelectron spectroscopy (XPS) measurements

were carried out to understand the interfacial interactions
between the perovskite layer and HTLs. From the Pb
perspective, all HTMs had coordination with Pb through O
and S atoms. HTMs 1, 2, and 4 show a comparable but slightly
stronger binding ability with Pb compared to spiro-OMeTAD
(peak positions are slightly shifted to lower binding energies).
HTM 3 had the strongest binding with Pb than the other
HTMs (Figure 3a). Figure S21a shows that all HTMs have
coordination between O and Pb in perovskite, evidenced by
the peak shift to higher binding energies. Spiro-OMeTAD, 1,
and 3 are compared because they all have only O, which can
coordinate with Pb in perovskite (Figure 3b). Both 1 and 3
show a higher binding energy of O than spiro-OMeTAD owing
to the difference in the molecular structure, especially 1. After
the deposition of these three HTMs on top of perovskite,
binding energies shifted to a higher eV, indicating a
coordination between HTMs and the perovskite. The shift of
the binding energy (ΔE) of spiro-OMeTAD is the highest
among others when the binding energies between HTMs and
perovskite/HTM are compared, meaning a stronger binding
between the spiro-OMeTAD and the perovskite. Based on the
measured ΔE, we can confirm the binding of S with perovskite
and/or other molecules (Figure S21b,c).
Photovoltaic Devices. Based on photophysical and

electrochemical properties, all the new HTMs under study
have favorable HOMO levels for the extraction of holes in the
perovskite layer, as well as the LUMO suitable for effective
blocking of the flow of electrons from the active layer (Figure
4a). PSCs were fabricated in order to investigate the overall
photovoltaic performance of the novel HTMs by the
configuration structure of FTO/compact-TiO2/mesoporous-
TiO2/perovskite/HTM/Au. The cross section of the PSC
device was checked by scanning electron microscopy (SEM)
with 1 in Figure 4b, where the thickness of the doped HTM
layer was estimated to be about 90 nm. The statistic box charts
of the main four photovoltaic parameters are shown in Figure
S22, and the photovoltaic metrics are summarized in Table 2.
The devices for the statistics were prepared under the same
conditions.
When molecules with methoxyphenyl groups are compared

with their analogues with methylthiophenyl groups, a general
worsening in the photovoltaic parameters is observed. HTM 4
is the derivative that has given the lowest photovoltaic values,
probably due to the low hole mobility that it exhibits compared
to the other materials, in addition to the poor surface coverage

and inhomogeneity indicated in the SEM image, which creates
severe recombination and pinholes at the interface with
perovskite. Derivative 4 also exhibits the lowest Voc, despite
having the most negative HOMO. In fact, all materials offer a
low experimental Voc compared to the theoretical value,
confirming that there are high unproductive interfacial
recombination phenomena. According to the SEM images,
derivative 1 presents a coverage similar to that of the reference
material. Compounds 2 and 3 also show good coverage
without pinholes (Figure S23).
The short-circuit photocurrent density (Jsc) of derivatives 2

and 4 are conspicuously low compared to those of the other
HTMs, which can be related to the low hole mobilities in the
films. Nevertheless, these results indicate that the introduction
of novel HTMs 1, 2, and 3, presented good photovoltaic
performances of over 16.3% PCE in average, with 1, 2, and 3
being the best, having average PCEs of 16.8, 16.3, and 16.7%,
respectively, and maxima PCEs of 17.7, 16.7, and 17.8%,
respectively. Devices with HTMs 1 and 3 had similar Jsc,
indicating that they extract the holes similarly, which agrees
with the photoluminescence data. Although those containing 3
had a higher Voc (1.06 V vs 1.02 V), those with 1 exhibited a
higher FF (71.8% vs 68.8%), so resulting in similar PCEs.
HTMs 1 and 3 are the most promising materials, so we are
conducting further research. From the results, we can advance
here the improvement of the performance of the 1-based
devices by also adding the well-known dopant FK209 (tris[2-
((1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III)-tris(bis
(trifluoromethylsulfonyl)imide)]), which facilitates the charge
extraction.47 A better performance of 18.2% was obtained, with
a Jsc of 24.2 mA cm−2, an open-circuit voltage of 1.07 V, and a
fill factor (FF) of 72%, (Figure 4c). In the case of 3, the FF was
improved, but Jsc was reduced from 24.4 to 22.5 mA cm−2,
leading to a slight decrease in PCE (Table S12). The
corresponding integrated incident photo-to-current efficiency
(IPCE) spectrum for 1 is shown in Figure 4d.

Stability Studies. As stated before, the stability of PSCs is
one of the most challenging parameters for practical
application that must be addressed. The shelf stability of the
devices with different HTMs, comparing them with control
devices with spiro-OMeTAD, was evaluated over 600 h with a
relative humidity (R.H.) of 20% under dark conditions. The
stability of the devices with HTMs 1, 2, and 3 was
characterized due to their relatively good performance. Devices
with spiro-OMeTAD showed the lowest stability among the
four materials under study (Figure 4e). It can be seen in Figure
4e that the PCE of the spiro-OMeTAD-based device has the
most inferior stability, losing up to 19% of PCE after a 600 h
experiment, which agrees with a preceding report,48 unlike the
devices based on the novel HTMs that presented a better long-
term stability. The most stable ones were 1 and 3, which

Table 2. Best (Average ± Standard Deviation) Photovoltaic Parameters of Devices with 1, 2, 3, and 4 as Hole-Transporting
Materials (HTMs)

HTM Jsc (mA cm−2)a Voc (V)
a FF (%)a PCE (%)a

spiro-OMeTAD 24.3 (24.3 ± 0.1) 1.10 (1.10 ± 0.01) 76.7 (75.0 ± 1.8) 20.7 (20.1 ± 0.5)
1 24.2 (24.1 ± 0.2) 1.02 (1.02 ± 0.01) 71.8 (69.4 ± 3.5) 17.7 (16.8 ± 1.0)
2 22.3 (22.1 ± 0.2) 1.02 (1.02 ± 0.00) 73.4 (72.0 ± 1.3) 16.7 (16.3 ± 0.3)
3 24.4 (24.2 ± 0.2) 1.06 (1.06 ± 0.01) 68.8 (65.2 ± 4.0) 17.8 (16.7 ± 1.1)
4 20.0 (19.0 ± 0.9) 1.00 (0.98 ± 0.01) 35.3 (31.2 ± 3.5) 7.1 (5.9 ± 0.9)

aDoped with Li-TFSI and tBP. The devices were measured under 100 mW·cm−2 Air-Mass 1.5G (AM1.5G) with simulated solar illumination 1.2 to
0.0 V. Eight devices were measured with each HTM.
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maintained around 90% efficiency after 600 h storage. Thermal
stability tests of the devices with different HTMs were
monitored by measuring their current density vs voltage (J−
V) curves at regular time intervals at 50 °C under R.H. > 60%
conditions for over 100 h, and the corresponding photovoltaic
performances without any encapsulation are recorded, as
shown in Figure 4f. After 100 h thermal stress in a humid
atmosphere, the devices incorporating 1 exhibit the best
stability preserving 85% PCE, whereas the PCEs of spiro-
OMeTAD, 3, and 2 drop by nearly 70, 65, and 60% under the
same circumstance, respectively. After 100 h thermal stress in a
humid atmosphere, the devices incorporating 1 exhibit the best
stability preserving 85% PCE, whereas the PCEs of spiro-
OMeTAD, 3, and 2 drop by nearly 70, 65, and 60% under the
same circumstance, respectively.
Continuing with thermal stability, a slight reduction in Jsc

and Voc was observed for almost all HTMs (see Figure S24),
except for the Voc of 1, which might originate from the
degradation of the perovskite and TiO2−perovskite interfaces
that has a serious effect on charge transfer at the interface.30 In
addition, there is a notable decrease in FF in the case of
devices with HTMs 2 and 3, while this parameter remains
relatively constant in the devices with the reference HTM and
the HTM 1. This fact can be explained by the general
deterioration of the devices, thus resulting in recombination
phenomena and an increase in series resistance.49 In the case of
HTM 2, there is a striking phenomenon, in which the FF
improves after an initial worsening, a trend that is also followed
by the PCE. This phenomenon can be attributed to the effect
of doping with the gold coming from the electrode due to
heating and because the gold particles present in the cracks
that can cause shunts are rearranged with the heat treatment.50

These results indicated that among these new 3D non-fused
structures, 1 exhibited a better thermal stability than the other
counterparts, which was mainly due to its inherent hydro-
phobic property, as revealed by contact angle measurements,
where the images of the deionized water droplets on the
surfaces of different HTMs are illustrated in Figure 5.

Remarkably, a contact angle with water of 94.5° is obtained
on the 1 surface, indicating a dramatic increase compared to
spiro-OMeTAD and the other three novels HTMs, thereby
resulting in an enhanced device stability under a humid
atmosphere.
Above all, although it is necessary to conduct more rigorous

stability tests, the stability results indicate that, for practical
purposes, the trade-off between the efficiency and excellent
long-term stability of new alternative HTMs is crucial for PSCs

since most devices using spiro-OMeTAD are accompanied
with serious degradation.

■ CONCLUSIONS
In summary, broad and organized of 3D non-fused asymmetric
hole-transporting materials (HTMs) have been developed by
tuning the position and type of heteroatom on the peripheral
substituents to comprehensively understand their influences on
the photovoltaic performance of the perovskite solar cells
(PSCs). All four new materials have shown good solubility in
common organic solvents, favoring their solution processing.
Derivatives presenting the methoxyl substituent of the
triphenylamine pending group in the para position (1 and 2)
had a higher Tg and broader band gap than those that
presented it in meta (3 and 4). Those derivatives with
methylthio substituents attached on the diphenylamine rings at
2,7-positions of fluorene (2 and 4) showed deeper HOMOs
and lower hole mobilities than those with methoxyls (1 and 3).
Furthermore, systems with methylthio appear to form thin
layers with worse morphology compared to those with
methoxy instead. Indeed, 1 and 3 have led to the best
photovoltaic results, with sunlight-to-electricity power con-
version efficiencies (PCEs) of 17.7 and 17.8%, respectively, in
the presence of dopants Li-TFSI and tBP. The new HTMs
presented a lower photovoltaic performance than the reference
material, mainly due to the lower hole mobility, consistent with
theoretical calculations. A higher binding energy with Pb has
been demonstrated by X-ray photoelectron spectroscopy for
the new HTMs, especially for HTM 3. Moreover, HTMs 1 and
3 have presented higher Pb−O binding energies than spiro-
OMeTAD. Nevertheless, a stronger global binding between
the spiro-OMeTAD and the perovskite was found, which
agrees with the photovoltaic results. The results show an
improvement up to 18.2% of the PCE for 1 upon doping with
Li-TFSI, tBP, and FK209. Although devices based on spiro-
OMeTAD was superior in photovoltaic performance, those
with HTMs 1, 2, and 3 showed a better shelf and thermal
stability than the devices with the reference HTM. The new
materials described here are less expensive to synthesize and
purify than the widely used spiro-OMeTAD, in addition to the
better long-term stability of the resulting PSCs. Finally, it has
been observed that those derivatives containing methylthio
substituents in their structure (2 and 4) give rise to a poorer
photovoltaic performance when applied as HTMs, probably
because the morphology of the films is less suitable, which
worsens when methoxyl groups are in the meta position.
However, if HTMs including only methoxy groups in their
structure (1 and 3) are compared, it has been seen that in the
presence of dopants Li-TFSI and t-BP, the best result is
obtained from the derivative with methoxyls in meta.
Nevertheless, when adding the dopant FK209, the best is the
molecule with substituents in para, which leads us to think that
in this case, the big difference is the oxidation state of the
HTM. The results that we have obtained give us clues to the
next step in the design of high-efficiency HTMs.
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